Abstract Experiments on the growth and linkage of 10 urn diameter holes laser drilled in high precision patterns into Al-plates were modelled with finite elements. The simulations used geometries identical to those of the experiments and incorporated ductile damage by element removal under the control of a ductile damage indicator based on the micromechanical studies of Rice and Tracey. A regularization of the problem was achieved through an integral-type nonlocal model based on the smoothing of the rate of a damage indicator D over a characteristic length L. The
Introduction
The ductile fracture of engineering alloys takes place by the nucleation, growth and coalescence of voids during plastic deformation. Of these three stages, coalescence is the one that governs the final failure but is, however, the least understood. Coalescence involves two somewhat distinct processes, in which the voids first change their mode of growth such that the ligament between the voids starts to collapse after which the voids actually link together. Two main types of void linkage are generally observed depending on the spatial distribution, volume fraction, strength and interface properties of the inclusions and second phases in the material. In very clean materials linkage can simply proceed by complete internal necking of the ligament between voids (Thompson 1987; Puttick 1959; Knott 1980; Benzerga et al. 2004; Park 1988; Le Roy 1978) . More typically however, void linkage is triggered by the nucleation of a second population of voids nucleated at inclusions between the primary coalescing voids. This generally occurs when the second population of inclusions has a low fracture stress or is weakly bonded to the matrix material (Cox and Low 1974; Marini 1985) .
From a practical viewpoint, it is desirable to predict the failure strain of a material from information on its mechanical properties and the spatial distribution and strength of the inclusions in the microstructure. Obviously, this task is extremely complex and the early models available in the literature were successful to predict the coalescence strains only for specific materials, void configurations or stress states (McClintock 1968; Brown and Embury 1973; Needleman and Tvergaard 1984; Thomason 1968 ). More recent models (Zhang and Niemi 1994; Pardoen and Hutchinson 2000; Gologanu et al. 2001a,b; Benzerga 2002) succeeded in predicting coalescence but at the cost of being more complicated and requiring more adjustable parameters. These parameters are generally difficult to extract from experimental data. Along with the models, a number of finite element approaches have been documented in the literature to predict ductile fracture. The progression of damage up to failure is usually introduced at a continuum level through strain softening in the constitutive response of the material. One important issue with this approach is that the results depend on the finite element discretization because localization takes place in a band one element wide (PijaudierCabot et al. 1991; de Borst 1991; Drabek and Bbhm 2005) . To remove the mesh sensitivity, a characteristic length can be introduced into the constitutive model that serves to regularize the governing equations, giving rise to a nonlocal material description. Various regularization techniques have been developed (Tvergaard and Needleman 1995; Baaser and Tvergaard 2003; Jackiewicz and Kuna 2003; Comi and Perego 2004; Bazant and Jirasek 2002; Needleman 1988; de Borst 1991) , which serve as very useful and powerful tools to evaluate the progress of damage by void growth and coalescence. However, it is important to demonstrate their ability to simulate accurately the whole damage process. This is the main objective of the current investigation which relies on recent experimental results from tensile tests using model materials in which different void populations were artificially drilled in sheet samples using a femtosecond laser system (Week and Wilkinson 2008) . These holes provide a precisely controlled population of artificial primary voids, so that the experiments enable us to capture the details of the void growth and their linkage in well defined configurations, and provide quantitative information which can be used to validate the simulations. These holes are much larger than the secondary voids that appear late in the deformation process. This enables a good correlation between the behavior of these artificial holes and the models. Note however that the damage model used in the simulations is intended to include the effect of microscale damage by the growth and coalescence of these secondary voids nucleated in the ligament between the main (laser-drilled) holes.
It should be noted here that the experimental results which are presented in detail elsewhere (Week and Wilkinson 2008 ) also demonstrate the difficulty in experimentally capturing the onset of coalescence in terms of a strong mode of localization in the ligament between the voids. For example coalescence is often defined to commence when voids start to grow laterally towards their neighbors. While such processes are indeed detected in the experiments the process of lateral void growth is so gradual that the point of initiation cannot be determined with any accuracy. Instead we find that only void linkage, which corresponds to the point at which the ligament between the holes is broken, can be precisely and reproducibly quantified. Therefore, in this paper, what is compared in detail is the evolution of the major axis of the primary voids and the point of complete inter-void ligament failure.
Finite element simulations of the model materials were carried out using an integral-type nonlocal ductile fracture model developed by Drabek and Bbhm (2005) . Damage is taken into account in this model by removing the elements in which a damage indicator, based on the micromechanical studies of Rice and Tracey (1969) , reaches a critical value. Regularization of the problem is achieved through an integral-type nonlocal model based on the smoothing of the rate of a damage indicator D over a characteristic length L. The results of the simulations for a given set of material parameters are compared with the experimental observations for a variety of hole configurations. It is shown that fully three-dimensional simulations can predict both the failure path and the failure strain at the point of void linkage for almost all cases and clearly outperform both damage free and local damage models.
Experimental results
Ductile fracture was studied experimentally in model materials created by drilling holes with a fs-pulsed laser in a 5052 Al alloy plate of 100 urn in thickness. The Al alloy composition is shown in Table 1 . Samples machined from the plate had a dog-bone shape with a central section of 4 mm in length and 2 mm in width. They were placed on an X-Y translation stage which allowed for the precise positioning of the laser holes. Each hole, of 10 um in diameter, was drilled with 1,000 pulses, each of ~ 150 fs duration and 10 uJ energy. Different configurations of holes were introduced in the central section of the dog-bone specimens. They included two holes oriented at 90° with respect to the tensile axis and spaced 15, 25, 37 and 50 um apart and two holes oriented at 45° with respect to the tensile axis and spaced 37 um apart. Regular arrays and random distributions of holes were also tested. The samples were annealed after laser drilling to remove the effect of the heat affected zone and the resulting microstructure consisted of equiaxed grains with an average size of ~10 um and few intermetallic particles ~2 um in diameter. More details about this experimental technique can be found elsewhere (Week and Wilkinson 2008) .
The samples were deformed in tension in situ in a scanning electron microscope and both load and displacement were recorded during the tests. Micrographs were taken at various stages of the deformation and a sequence is shown in Fig. 1 for the sample with two holes oriented at 90° with respect to the tensile axis and an initial separation of 37 um. The length of the holes along the tensile axis, a, was measured as a function of the applied strain from these micrographs. The error in the measurements of this length from the SEM images is approximately 1 um. We define a local deformation on the scale of the primary voids as £L = ln(a/ao), where ao is the initial void length in the tensile direction. This can be thought of as an average local strain in the region surrounding a given void. This was obtained as a function of the far-field true strain eff = ln(e// + 1). Here e// is the far-field engineering strain measured over the gage length of the sample (4 mm). The experimental £L -£// curve is plotted in Fig. 2 for the sample depicted in Fig. 1 . This local deformation increased linearly with the far-field strain while the deformation between the holes was homogeneous. The beginning of void coalescence (which is marked by the localization of the deformation between the holes in Fig. lb) was associated with an acceleration of the deformation which led very rapidly to the linkage of the holes by the final fracture of the ligament between the holes, Fig. Id . Thus, the £L -£// curves are a good indicator of the ductile fracture process and will be used to compare the numerical predictions with the experimental data. The corresponding curves for the other hole configurations are presented in Sect. 5 along with the finite element results.
The fracture surface of a sample containing a regular array of holes oriented 90° with respect to the tensile axis is shown in Fig. 3 . One can see that failure proceeded first by internal necking of the ligament between the holes, and then by the linkage of secondary voids, probably nucleated at intermetallic particles. 
Finite element model
The ductile fracture process in samples containing holes was simulated through the finite element method. Due to the geometry of the problem, simulations were carried out using a generalized plane strain (2D) model or a full three-dimensional model. The 3D analysis takes into account the variations in strain through the thickness, although it is computationally very expensive. The 2D generalized plane strain model is an alternative in which the constant through-thickness displacement is defined for all the sample using only 3 extra degrees of freedom. The validity of using one strategy over the other will be established throughout the paper.
The element deletion technique was used to model damage, as will be shown below, and it was beneficial to use as many elements as possible in the simulations. Simulations were carried out with Abaqus/Standard (2006) within the framework of the finite deformation theory with the initial unstressed state as reference. Generalized plane strain, 4-node bilinear quadratic elements with integration at 4 Gauss points (CPEG4) were chosen for the 2D simulations and linear 8-node brick elements with full integration (C3D8) for the 3D simulations. The Al alloy was modelled as an isotropic, elasto-plastic solid following the Ji theory of plasticity with isotropic hardening. The elastic constants were E = 70GPa and v = 0.33, and the flow stress, a, was treated as a function of the accumulated plastic strain, e p , according to the Voce equation
which has already been successfully used by Duan et al. (2005) for a similar Al alloy (5754). The parameters of the Voce equation were obtained by fitting the experimental stress-strain curve obtained on a sample without holes and are given by A = 445 MPa, B = 300MPaandC = 5.4. In the context of the experiments to be modelled, ductile damage requires the presence of a population of secondary voids that are much smaller than the laser drilled primary voids. As stated in Sect. 2 and shown in Fig. 3 at least a certain number of such secondary voids were present in the samples. Due to the small size of these voids their effects were described by homogenized models. These may take the form of ductile damage models that track the evolution of the volume fraction of the secondary voids and take into account the resulting progressive loss of stress carrying capacity of the homogenized material (Needleman and Tvergaard 1987; Rousselier 1987; LLorcaetal. 1991; LLorca and Segurado 2004; Enakoutsa et al. 2007) . Alternatively, models may be based on element removal controlled by a ductile damage indicator, which registers local ductile failure but does not allow to follow the degradation of the material properties prior to this point. A number of ductile damage indicators, mainly empirical, have been proposed in the literature and they are generally based on the attainment of a critical stress or strain, often incorporating the effect of stress triaxiality (McClintock 1968; Cockroft and Latham 1968; Ayada et al. 1987; Oyane 1972; Brozzo et al. 1972; Gunawardena et al. 1991) . One of the most commonly used is that proposed by Gunawardena et al. (1991) which is built upon the micromechanical model of Rice and Tracey (1969) and Hancock and Mackenzie (1976) . A reference failure strain, e/, is defined from the analysis of the growth of a spherical void in a rigid-plastic material subjected to different levels of stress triaxiality,
where oh is the hydrostatic stress component, a eq the equivalent von Mises stress and eo the failure strain in uniaxial tension. The increment of the damage indicator dZ) is then defined as
and therefore D at any material point can be computed by integrating Eq. 3 along the loading path, leading to
where s c p is the current equivalent plastic strain. Failure is indicated when D reaches unity, i.e., Z) (e/) = 1. After each load increment the value of the ductile damage indicator is updated at each integration point and elements are deleted if D > 1 in two or more of their integration points. Even though the algorithm based on Eq. 4 and element removal does not constitute a fully coupled damage model, it has the advantage of requiring only one material parameter, eo, which also can be directly interpreted physically.
In order to avoid mesh dependence of the numerical results, the above algorithm is coupled with a nonlocal averaging of the damage indicator. The nonlocal strategy is briefly explained here and the reader is referred to Drabek (2005) for a complete description of its implementation in the finite element code Abaqus. The rate of the nonlocal damage indicator D"i is expressed as a function of the local damage indicator Di by convolving it with a derealization function as proposed by Leblond et al. (1994) in the context of a Gurson-type damage model:
where x stands for the position vector of the point at which the nonlocal damage indicator is evaluated and y for the positions of the adjacent material points. The normalizing factor W(x) is defined as
and w(x, y, L) is a smoothing function whose form was proposed by Leblond et al. (1994) as
Spurious diffusion effects of the type reported by Enakoutsa et al. (2007) for a nonlocal Gurson model were not encountered due to the different structure of the equations governing the evolution of the nonlocal variable.
Parameter identification for the ductile damage model
The nonlocal ductile fracture approximation described above is based upon two parameters which depend on the material, namely £o (which represents the local failure strain in uniaxial tension) and the characteristic length L which intervenes in the nonlocal averaging scheme in Eq. 7. The point at which damage starts to accumulate in the material is controlled by £o (also known as the Rice-Tracey parameter in the literature) while L limits the local gradients of the damage indicator which influences the rate at which damage evolves. For the local version of the Rice-Tracey damage indicator a procedure for calibrating the parameter £o has been published (Fischer et al. 1995) . However, £o and L are coupled, i.e. when the characteristic length increases, damage is averaged over a larger area and thus £o has to be reduced accordingly to obtain the same behavior. In this paper, the optimum value of these parameters was Fig. 4 Schematic of the sample for the simulations for the model with two holes oriented at 90° with respect to the tensile axis and spaced 37 |^m. Drawing not to scale determined by fitting to the experimental results of the sample containing 2 holes oriented at 90° with respect to the tensile axis and spaced 37 um apart (Fig. 2) . The analysis simulates the behavior in uniaxial tension of the central section of 2W x 27/ x 2f (2x4x 0.1 mm 3 ) of the dog-bone specimen with two holes (Fig. 4) . Due to the mirror symmetries of the problem, only 1/8th of the sample has to be discretized with three planes of symmetry located at x\ = 0, X2 = 0 and X3 = 0. Tensile deformation is imposed by applying a uniform displacement in the X2 direction to the upper surface of the sample (x2 = H), while the lateral surfaces (x\ = W and x$ = t) remained stress-free. A detail of the finite element discretization is shown in Fig. 5 .
The first set of simulations analyzed the influence of the characteristic length L on the mechanical response for a fixed value of £o = 0-4. The numerical predictions are compared with the experimental behavior through the evolution of the local deformation, ln(a/ao), as a function of the far-field true strain, Sff in Fig. 6a . One can see that in the absence of damage, the simulation is not able to predict the failure strain controlled by the sudden localization of the deformation between the holes due to the coalescence of secondary voids. The simulation with L = 0, which corresponds to a local damage indicator model, is also unable to predict this behavior for the mesh used. Better results were obtained if L was increased, and the far-field strain at void linkage was adequately predicted by the non-local model with L = lOum. The influence of the reference failure strain, SQ, is plotted in Fig. 6b . £o controls the onset of damage and the optimum value to predict the experimental curve was found to be 0.4. This parameter, together with L = 10um, gives a good prediction of the failure strain but it cannot capture with accuracy the progressive acceleration of void growth observed experimentally. This is because the damage indicator (Fig. 6a) leads to the initiation of damage, as shown by the white areas in Fig. 6b . These white areas represent the elements which have been removed from the analysis as they reached the critical condition for failure. Damage grows very quickly beyond this point, leading to the immediate failure of the ligament through the thickness of the sample, as shown in Fig. 6c . The simple nonlocal ductile fracture model presented above will be validated in this section by comparing the model predictions for void linkage with the experimental results in samples with different arrangements of holes. The two parameters in the model which provided the best fit in the particular case presented in Sect. 4, eo = 0.4 and L = 10 urn, have been used in all the subsequent simulations presented below. In addition, the size of the finite elements around the holes in all the simulations was kept approximately constant and smaller than L/3, so that there were always at least three elements within the characteristic length L. Fig. 8 Experimental and numerical results of the evolution of the local deformation at the scale of the holes, si, as a function of the far-field true strain, Sff, for the sample with two holes orientated at 45° to the tensile axis and spaced 37 um actual one. This agreement is remarkable because the dominant failure mechanism for this hole configuration was shear (Week and Wilkinson 2008) and the ductile fracture model implemented is based on a mechanism of void growth at high stress triaxiality.
Comparison with experimental results

TO
II
Effect of hole spacing
Effect of the hole orientation
The influence of the orientation of pairs of primary voids on the ligament failure strain was studied by placing the holes 37 urn apart but at 45° with respect to the tensile axis. Due to lower symmetry of this problem, one half of the sample was discretized and simulated numerically. The numerical predictions are compared with the experimental behavior through the evolution of the local deformation, ln(a/ao), as a function of the far-field true strain, e// (see Fig. 8 ). As expected, the experimental data showed that the growth of the holes in this configuration was slower than in the sample with the holes perpendicular to the tensile axis and the failure strain was larger. The numerical simulations were in reasonably good agreement with the experimental data and the overall predictions for the far-field strain at void linkage were only slightly lower (7%) than the Experiments were carried out with two holes oriented at 90° with respect to the tensile axis and spaced 15, 25, 40 and 50 urn apart to study the effect of the distance between holes on void linkage. The corresponding numerical simulations were carried out in two and three-dimensions for this particular hole configuration to assess the validity and limitations of 2D models in simulating this problem. Two representative examples of the finite element meshes are found in Fig. 5 .
The experimental results and the simulations are compared in terms of the evolution the local deformation, ln(a/a 0 ), as a function of the far-field true strain, e/f in Fig. 9a-d for the samples with two holes spaced at 15, 25, 40 and 50 urn, respectively. In both simulations and experiments, the far-field strain at which void linkage occurred is given in the figure. In general, both the 2D and 3D models provide a good prediction of the far-field strain at the point of ligament failure. Moreover, the three-dimensional simulations are also accurate after coalescence begins in reproducing the fast growth of the holes during the final stage of fracture. The two-dimensional model, however, was only able to reproduce the process of damage localization in the intervoid region after the onset of damage when the distance between the holes was small. The error in this region increased rapidly with the intervoid spacing because the stress state in this region changed from plane strain to plane stress as the intervoid distance increased. Thomason (1990) proposed that a plane strain condition between primary voids is fulfilled when the thickness 2? is at least five times the hole spacing. For the particular samples analyzed here (thickness of 100 |im and hole diameter of 10 |im), this condition was met when the hole spacing was 15 and 25 |im ( Fig. 9a-d ), but not in the other two cases. Furthermore, because the generalized plane strain simulations (2D simulation) used the same displacement in the thickness direction for the whole model, the local thickness changes in the ligament between the holes cannot be captured.
Effect of spatial distribution of holes: regular array
Experiments were carried out in samples containing a regular array of holes to verify whether the failure strain is affected by the number of holes in the array and whether the nonlocal ductile damage model can also predict the behavior under such conditions. These samples contained lines with of 13 holes spaced 40 |im apart perpendicular to the tensile axis and either 1, 3 or 13 of these lines spaced 40 |im apart along the tensile direction. These were tested until failure. The threedimensional finite element model analyzed l/8th of the sample due to the symmetry (Fig. 10) while the boundary conditions were equivalent to those described for Fig. 4 . In order to save computer time, the nonlocal averaging was only carried out on a single row of holes, shown in dark in Fig. 10 because the experimental data indicated that failure occurred in the middle of the array. As in the previous cases, numerical simulations and experimental results are compared (see Fig. 11 ) through the evolution of the local deformation on the scale of the holes, BL, with the far-field true strain, e//. The critical far-field strain for void linkage increased with the number of lines of holes and the numerical model captured not only this trend but also the magnitude of the far-field strain at which void linkage occurred. These predictions strongly substantiate the validity of the simulation approach and support its use in understanding the effect of regular arrays of holes on the ductile fracture process. The maximum value of the von Mises equivalent stress between the holes is shown in Table 2 along with the length of the holes a for the three arrays of holes analyzed when the applied far-field strain was 14.8%. The maximum equivalent stress between the holes and the elongation of the primary voids decreased with the number of lines of holes because each line of holes contributes to the overall longitudinal elongation of the sample. Thus plasticity was spread out whereas it is much more localized if there is only one line of holes. It can be concluded from these results that the number of lines of holes in the tensile direction modifies the far-field strain at the linkage event but not the local magnitude of the strain at which linkage occurs. This is in agreement with Fig. 11 which shows that the local deformation at void linkage (represented by horizontal dashed line) is independent of the number of void lines.
Effect of spatial distribution of holes: random array
Regular arrays of holes are not frequent in engineering materials, and so random distributions are of more technological interest. A sample with a random array of holes was machined and the corresponding finite element mesh is shown in Fig. 12 . One half of the sample has to be discretized and analyzed because, as in the sample with the holes oriented at 45°, the only plane of symmetry is X3 = 0. As in the previous simulations, and in order to conserve computational time, the nonlocal failure model was restricted to the dark area in Fig. 12 in which failure was observed experimentally. The evolution of the local deformation at the scale of the primary voids, obtained from the finite element analyses, e L , is plotted in Fig. 13 Figs. 14 and 15. It is obvious from these figures that the numerical predictions at the macroscopic level (far-field strain at void linkage) and microscopic level (fracture path and plastic strain) are excellent, and support the ability of this simple nonlocal ductile failure model to simulate the process of void linkage under different scenarios. It should also be noted that the strong lateral void growth seen in Fig. 15 is part of the void coalescence process and is therefore also accounted for in the simulation through element deletion as seen in Fig. 14. 
Discussion and conclusions
To the knowledge of the authors the present study is the first that combines experimental work with simulations of growth and linkage of primary voids in a ductile material on the basis of specimens that contain patterns of holes of precisely defined size and position. For the simulations a simple but robust model was used that employs a nonlocal version of the damage indicator proposed by Gunawardena et al. (1991) to control element removal. This nonlocal model has only two adjustable parameters, the strain at failure under uniaxial loading and a characteristic length, so that material identification is not overly complex. The appli- cation of a homogenized model for describing ductile damage rests on the assumption that a population of small secondary voids is present in the aluminum matrix, which the experiments indicate to be fulfilled. We observed that eo controls the onset of secondary damage (between the primary voids) while the Fig. 15 Micrograph of the fracture path after void linkage in the sample with a random array of holes characteristic length L, serves to delay the onset of secondary damage to higher strains and accelerate damage evolution once it has started.
It should be emphasized that even though the model presented here has the disadvantage of not being fully coupled (like the Gurson model) it has the advantage of having only one free parameter in its local version and two in its nonlocal one. This results in a simpler model whose parameters can be easily identified from the experiments.
With a fixed set of material parameters eo = 0.4 and L = 10|im, the nonlocal numerical simulations of damage in 3D were found to be in good agreement with the experimental values of far-field strain at void linkage. These predictions were obtained with different configurations of holes including variations in the spacing between holes, as well as regular and random distributions of holes. The only discrepancy was found in the simulation of holes oriented at 45° to the tensile axis and this is very likely due to the fact that the ductile damage indicator of Rice and Tracey was developed for void growth under triaxial stresses and not for shear. Nevertheless, the differences in the strain at void linkage were limited (about 7%). This helps to explain the good results in the simulation of void linkage for a random array of holes. It is certainly clear that the simulations do not accurately capture the localization of the strain between the holes during the early part of the void linkage process because in in this modelling strategy the elements are either damage-free or fractured.
The numerical simulations also showed that using the model without damage or using only the local version of the model (in which the characteristic length L = 0) it was impossible to capture void growth acceleration for the mesh used and therefore the failure strains were not well predicted. However, the nonlocal version of the model proved to be clearly superior to both the local version of the Rice-Tracey damage indicator and to the damage-free model in predicting the experimentally observedbehavior. Accordingly, we found that the nonlocal model is not only necessary for controlling the mesh sensitivity of the numerical solutions, but for the configurations considered, it also clearly improves the agreement between simulations and experiments. It should be noted that because the characteristic length found in this study is equal to the void diameter, it essentially imposes the use of a nonlocal modelling approach to reasonably resolve geometrical features of the size of the characteristic length such as the voids. This is hardly possible if the element size is used to introduce the characteristic length into the analysis.
The numerical simulations showed that for the constant hole diameter used in this study, the void linkage strain is mainly controlled by the distance between the holes and that the number of holes has no significant effect on the local deformation at void linkage. This is in agreement with modelling results in the literature which show the importance of the void diameter to void spacing ratio on fracture (Benzerga et al. 2004; Pardoen and Hutchinson 2000) . Indeed, it was possible to model very different hole configurations using the same failure criterion, and this implies that the local conditions at linkage are equivalent. This also means that the differences in far-field strains at void linkage must be related to the boundary conditions while the spatial distribution of the holes controls the instant at which these critical conditions are attained at the local level.
In addition, two-dimensional simulations under generalized plane strain conditions provided acceptable results when the spacing between holes is small enough, so that the ligament between holes is mainly under plane strain conditions. The stress state between the holes departs from plane strain conditions and moves towards plane stress as the intervoid distance increases, and the two-dimensional simulations can no longer predict the failure path and the failure strains. Only fully three-dimensional simulations can predict both the failure path and the failure strains for almost all configurations.
The nonlocal simulations incorporate one additional parameter, the characteristic length L, whose role is to reduce mesh sensitivity but whose relation to the physical characteristics of the material or the specimen is unclear. In fact, there are not many physically-based strategies in the literature to select the magnitude of L although it is sometimes taken to be of the order of the distance over which microstructural features have an effect. For the configurations considered good results were obtained by setting the characteristic length equal to the diameter of the primary voids, which also corresponds to the average size of the grains in the aluminum matrix. This does not imply, however, that the diameter of primary voids or inhomogeneities is always a valid choice for the characteristic length for ductile damage.
The combination of nonlocal models with experiments on samples that contain precise two-and threedimensional patterns of primary voids can provide a fruitful path towards obtaining a deeper understanding of the role of the characteristic length in ductile damage and towards improved insight into the growth and linkage of voids in ductile materials.
